Silica aerogels are materials well suited for high power nonlinear optical applications. In such regime, the non-trivial thermal properties may give rise to the generation of optical shock waves, which are also affected by the structural disorder due to the porous solid-state gel. Here we report on an experimental investigation in terms of beam waist and input power, and identify various regimes of the generation of wave-breaking phenomena in silica aerogels.
Introduction
Complex materials as soft-colloidal matter, polymers, and liquid crystals [1] , are attracting growing interest for their relevance in fundamental physics studies and for their potential use in applications including biophysics, imaging and sensing. The nonlinear optical properties of complex materials are particularly interesting and result from a variety of competing phenomena, as photo-chemical [2] and re-oriental effects [3] , electrostriction [4] [5] [6] , photo-refraction [7] and aging [8, 9] . Their interplay may sustain strong nonlinear phenomena, but is often accompanied by strong scattering losses, which force to analyze the role of randomness on nonlinear waves and nonlinear optical processes [10, 11] . Additionally, most of the liquid solutions and/or colloidal dispersions are also largely affected by thermally driven diffusion and convection [12] . These are very also detrimental for practical applications and make soft-colloidal samples useless for high power regimes.
Silica aerogel (SA) is a very interesting candidate material in which a convection-free solidstate with complex structure on nanometric-scale sustains strong nonlinearities in the presence of a reduced amount of scattering, because of the very low volume-average refractive index [13] . Recently the nonlinear optical response of SA has been reported [14, 15] . Results indicate that SA are potentially well suited for very high power applications, as optical limiters and optical switching. This suggests to consider the propagation and the generation of non-linear optical waves in SA, with special reference to spatial effects, as they are expected to be very relevant at high power regimes, a topic so far un-explored.
SA presents a thermal de-focusing nonlinearity due to light absorption and temperature dependent refractive index. Aerogel are excellent thermal insulators because of the microporous structure, which prevents the formation of convection cells, and hence, allows steep temperature-gradient profiles. This also results in large spatial modulations of nonlinear optical refractive index.
This subtle interplay between the low thermal conductivity and silica absorption allows to envisage that thermal lensing may occur in SA, however the peculiar heat-transport properties and the presence of disorder make such an effect much more complicated than in standard homogeneous materials.
It is known that thermal lenses may be formed in colloidal solutions, and lead to the generation of optical dispersive shock waves (DSWs) [11, [16] [17] [18] , which may eventually be inhib-ited when the strength of disorder is high enough. DSWs in optics are generated by an abrupt change in the phase of the optical field, corresponding to a singular mathematical solution of the relevant nonlinear wave equation in the so-called hydrodynamical limit of the model. This singularity is smoothed by the occurrence of a modulated wave-train. DSWs are here characterized by these regularizing fast oscillations (undular bores) observable in the intensity profile transverse to the propagation direction [19] [20] [21] [22] [23] [24] [25] [26] .
For SA, it is important to determine the conditions for the suppression of the DSW, relevant for any kind of nonlinear optical device. A key difference with respect to previous studies on shock waves in random media is the fact that in SA disorder does not change with time because of the absence of material fluctuations (e.g., Brownian motion of colloidal beads). In addition SA may be irradiated by very high power levels with tightly focused beams without melting or boiling; the resulting phenomenology can be very rich and SA turns out to be very useful for the investigation of highly nonlinear dynamics in the continuous wave (CW) regime.
In the following we report on an experimental investigation of thermal lensing in SA and show that DSW may be inhibited by disorder. Different regimes for the shock dynamics are determined, and we found that the sample may sustain different nonlinear optical phenomenology.
Sample preparation and experimental set-up
The SA samples are prepared following a base-catalyzed sol-gel procedure [27] . We mix equal amounts of a 1 : 1 solution of of tetramethoxysilane (TMOS) and methanol (MeOH) and a 2 : 1 solution of methanol and deionised water enriched with NHO 4 H (in a ratio 1000 : 5.4). The solution is then poured in polymethylmethacrylate (PMMA) cuvettes with a square section of 1mm×1mm and left to gel at room temperature. After gelling, the samples are immersed in acetone to dissolve the PMMA mold and promote the ageing process. The acetone is eventually removed by supercritical drying of the alcogels in a critical point drier.
The sample used in the nonlinear experiment has matter density ρ = 0.215 g/cm 3 and refractive index n= 1.074: both these parameters determine the degree of scattering. Experiments are done at varying input laser power P in and impinging point on the sample. A continuous-wave (CW) solid state TEM 00 laser at wavelength λ = 532 nm is focused on the input SA facet, with sample length L = 8.5 mm along the propagation direction Z (the aerogel shrinks during the drying process). A photograph of typical SA sample illuminated with a collimated beam is shown in Fig. 1 .
The experimental setup is shown in the inset of Fig. 1(a) . We vary the input beam waist w 0 and record the transmitted intensity distribution I(X,Y ) by a CCD camera. Figure 1(b) shows the transmission versus input power for the various explored beam waists. The transmission is calculated as the ratio between the incident laser power P in and the output power P out . Each curve is obtained averaging over three realizations of disorder. The reported curves reveal that most of the input beam is transmitted in regimes with and without DSW, and that the transmission is nearly independent of the input power and beam waist. Figure 2 shows the intensity distribution profiles as collected by the CCD camera at the output of the sample by varying the incident laser power, P in , and the laser beam size, w 0 .
Experimental results
In correspondence of regions of the SA sample displaying low enough disorder, a transition from scattering dominated regimes to nonlinear regimes is present: at moderate powers DSWs are not observed because of scattering losses, at high powers DSWs can be generated. Notably, this behaviour is not found in the case of liquid samples [18] , where increasing power at high disorder largely enhances convective and thermophoretic effect, and further suppresses DSW As shown in top panels of Fig. 2 , for beam waist w 0 = 1.4 mm, at low power P in , we do not observe DSW; but when increasing the input fluence, rings appear accompanied by an intensity dependent beam-spreading; this is a regime allowing DSW but disorder dominated at low intensity.
At smaller beam waists, the competition between nonlinearity and randomness is such that the specific disorder realization determines the occurrence of the shock. In the second raw the occurrence of DSW is observed, while the third raw shows, at the very same power and beam waist (i.e. w 0 = 0.40mm), a case in which disorder is dominant. The two regimes are only distinct because they correspond to different spatial position in the same sample.
The last raw, for strongly focused beams (w 0 = 43 μm), corresponds to a regime in which disorder is totally frustrated by the nonlinear response, which always prevails.
As also previously demonstrated [11] , in the far field, the optical shock waves result into an angular aperture θ that varies linearly with power. In order to further support the observation of DSW in the disordered SA we measure the angular aperture θ versus input power P in , after the radial average of the I(x, y) profiles summarized in Fig. 2 . Figure 3 shows θ vs P in , for w 0 = 0.40mm on three different input-beam spatial locations of the SA sample. For the considered w 0 = 0.40mm, there is a pronounced dependence of the angular aperture with respect to specific disorder realization (input beam position). Retaining the linear growth of θ with P in a signature of the DSWs formation, we note that at the very same power, material density and volume-averaged refractive index, different disorder realizations may produce very different propagation regimes. In fact for two of the three investigated SA sample regions (squares and circles), the angular aperture, θ , takes a constant value for increasing P in as long as, reached a threshold value, it starts to linearly increase. The slope of such a linear growth, as evidenced by the linear fits (continuous and dashed lines), depends on the amount of disorder and, hence, it can be regarded as a measurement of the scattering strength encountered by the propagating beam. In the other explored region of the sample, represented by the triangles, a linear growth with P in does not emerge, signature of the fact that the scattering suffered by the laser beam in that point is enough to totally inhibit the occurrence of the wave breaking phenomenon. The whole set of possible spatial responses is achievable in SA by varying the disorder real-ization and the degree of beam focusing. This is also related to the complex thermal response of the SA.
To show that the nonlinear effect has a thermal origin we study the time dynamics of the formation of the shock waves; in Figs. 4(a)-4(c) we show three snapshots at different instants of the shock formation due to the impinging of a w 0 = 50μm and P in = 0.5W laser beam. The very low time-dynamics due to the low thermal conductivity of SA allows to follow the dynamics of the DSW formation in the presence of disorder. From the images we extract the far-field standard deviation given in Fig. 4(d) for different realizations of the measurements obtained by varying the beam waist. The two curves show that the characteristic time scale is of the order of ten seconds, afterward a steady state is reached. It is important to remark the origin of the nonlinear defocusing effect. Around room temperature the thermal nonlinearity of bulk silica is focusing. On the contrary, as also found by other authors [15] , we observe a defocusing action in SA due to a decrease of the refractive index with laser power. This response is, hence, to be attributed to the specific porous structure of SA: the thermal induced expansion of the silica scaffold locally reduces the SA density and, hence, the refractive index of the material. The Kerr coefficient of SA is n 2 ∼ −4 × 10 −14 m 2 /W [15] , in our experiment this corresponds to a variation of Δn = 10 −4 .
Conclusion
We reported on the first experimental investigation of spatial shock waves in silica aerogel. We found that this kind of material is very robust with respect to high power input beam in continuous wave regime and does not show any boiling or melting phenomena. This property permits to study high intensity nonlinear waves in the presence of disorder in regimes typically unaccessible by liquid materials. The subtle interplay between disorder and nonlinearity shows that proper material properties may largely hamper the generation of self-phase modulation effect, thus favoring the fabrication of high power devices. SA are hence very promising materials for nonlinear optics.
